To develop protective immune responses against mucosal pathogens, the delivery route and adjuvants for vaccination are important. The host, however, strives to maintain mucosal homeostasis by responding to mucosal antigens with tolerance, instead of immune activation. Thus, induction of mucosal immunity through vaccination is a rather difficult task, and potent mucosal adjuvants, vectors or other special delivery systems are often used, especially in the elderly. By taking advantage of the common mucosal immune system, the targeting of mucosal dendritic cells and microfold epithelial cells may facilitate the induction of effective mucosal immunity. Thus, novel routes of immunization and antigen delivery systems also show great potential for the development of effective and safe mucosal vaccines against various pathogens. The purpose of this review is to introduce several recent approaches to induce mucosal immunity to vaccines, with an emphasis on mucosal tissue targeting, new immunization routes and delivery systems. Defining the mechanisms of mucosal vaccines is as important as their efficacy and safety, and in this article, examples of recent approaches, which will likely accelerate progress in mucosal vaccine development, are discussed.
lymphoreticular tissue (GALT) and nasopharyngeal-associated lymphoreticular tissue (NALT), collectively comprise a mucosa-associated lymphoreticular tissue (MALT) network for provision of a continuous source of memory B and T cells to mucosal effector sites [1, [3] [4] [5] . The MALT contains T-cell zones, B cell-enriched areas containing a high frequency of surface IgA-positive (sIgA + ) B cells and a subepithelial area with APCs for the initiation of specific immune responses. The MALT is covered by a follicle-associated epithelium that consists of a subset of differentiated microfold (M) epithelial cells, columnar epithelial cells and lymphoid cells, which play a central role in the initiation of mucosal immune responses. M cells take up antigens (Ags) from the lumen of the intestinal and nasal mucosa and transport them to the underlying APCs, including dendritic cells (DCs). In addition, recent studies have now identified isolated lymphoid follicles (ILFs) in the mouse small intestine. The ILFs have been identified as a part of GALT and as such are a mucosal inductive tissue [6, 7] . These ILFs mainly contain B cells, DCs and M cells in the overlying epithelium. In addition, most recent studies showed that tear duct-associated lymphoreticular tissue (TALT) and conjunctiva-associated lymphoreticular tissue (CALT) play a role as mucosal inductive tissues [8, 9] . Mucosal effector sites, including the lamina propria regions of the GI, the upper respiratory (UR), and reproductive tracts, secretory glandular tissues and intestinal intraepithelial lymphocytes, contain Ag-specific mucosal effector cells such as IgA-producing plasma cells and B and T cells.
Secretory (S)-IgA antibody (Ab) is a major player in the mucosal immune system and is locally produced in effector tissues [1, 2, 5, [10] [11] [12] . The presence of Ag-specific S-IgA Abs at mucosal effector sites other than the inductive sites where initial Ag sampling occurred is definitive evidence for the CMIS. To this end, immunization of GALT or NALT effectively elicits Ag-specific mucosal IgA Ab responses in diverse mucosal effector tissues with some notable differences. Indeed, activated T cells in Peyer's patches (PPs) preferentially express α4β7 and CCR9 as gut-homing receptors for their migration into the intestinal lamina propria [13] [14] [15] [16] . In this regard, mucosal addressin cell adhesion molecule-1 (MAdCAM-1), the ligand for α4β7, mediates T-cell recruitment into the intestinal endothelium [17] . Furthermore, small intestinal epithelial cells express the CCR9 ligand, thymus-expressed chemokine. Recent studies demonstrated that retinoic acid-producing DCs in PPs and the mesenteric lymph nodes (MLNs) are key players in the enhancement of α4β7 and CCR9 expression by Ag-specific effector CD4 + T cells, which in turn guides their migration into the intestinal lamina propria [18] . In addition to mucosal T-cell homing, retinoic acidproducing DCs in PPs regulate T cell-independent IgA class switching and gut-homing receptor expression on B cells [19, 20] . These findings clearly show that the CMIS exhibits distinct sites for induction and regulation of S-IgA Ab responses in mucosal effector tissues.
Although it has been shown that GALT and NALT share common features, it is also clear that a compartmentalization occurs between the oral and nasal immune systems [21] [22] [23] . Thus, oral immunization mainly elicits Ag-specific immune responses in the small intestine, in the proximal part of the large intestine, mammary and salivary glands, whereas nasal immunization induces mucosal immunity in the UR tract, nasal and oral cavities, and the cervicovaginal mucosa [21] [22] [23] . Furthermore, the organogenesis, lymphocyte trafficking and progression of immunosenescence in PPs and NALT are distinctly regulated [11, 13, 15, [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] . Thus, the PPs develop between embryonic days 14 and 17 in an IL-7-IL-7Rα and LTα1β2-LTβR signaling cascade-dependent manner, whereas NALT organogenesis occurs postnatally in the absence of these cytokine cascades [28, 32, 34, 35] . Furthermore, both Id2 and retinoic acid receptor-related orphan receptor-γt transcripts are essential for PP inducer cell development; however, NALT inducer cells require only Id2 [28, [36] [37] [38] . In addition, activated T and B cells in PPs preferentially express α4β7 and CCR9 as gut-homing receptors, which help guide their migration back to the intestinal lamina propria [13, 15] . In contrast, CD62L, α4β1 and CCR10 preferentially control the migration of T and B cells from NALT into the UR tract effector tissues [24, 25, 32, 33] . The compartmentalization of GI and UR tract immune systems is also evident because distinct differences in mucosal aging occurred between the GI and UR tract immune systems [26, 27, [29] [30] [31] . Thus, age-associated alterations, including a reduction in number of PPs and the level of intestinal Ag-specific SIgA Abs, occur in mice during aging [26, 27] . Furthermore, mice lose oral tolerance, which represents another important mucosal immune regulatory function for maintaining systemic homeostasis to orally administered Ags during the aging process (6-12 months) [26, 27, 30, 31] . In contrast, NALT shows a more intact immune response during aging (1-year-old mice), with signs of immunosenescence noted only in mice older than 2 years [26, 27, 29] .
Because mucosal immunization induces not only Ag-specific mucosal S-IgA Abs but also systemic IgG Abs, developing mucosal vaccines could be used in much the same way as currently available licensed parenteral vaccines. Thus, mucosal vaccine delivery can induce systemic T-cell and Ab responses in peripheral lymphoid tissue, as is seen after parenteral vaccine delivery. However, simultaneous induction of mucosal immunity provides a dual protection against pathogens. Furthermore, mucosal adjuvants and delivery systems are essential to induce Ag-specific immune responses in both mucosal and systemic compartments by avoiding induction of systemic unresponsiveness. This review focuses on several recent approaches to induce mucosal immunity to vaccines, with emphasis on mucosal tissue targeting, new immunization routes and delivery systems that are both effective and safe. As a mucosal targeting strategy, DCs and M cells are discussed as the two major targeting cell types. Although a large number of DC-targeting components have been studied as mucosal adjuvants, CpG oligodeoxynucleotides (CpG ODN) and Flt3 ligand (FL) are selected based on their effectiveness and safety. Importantly, the cellular and molecular mechanisms for these two DC-targeting mucosal adjuvants and an M celltargeting vaccine delivery system have been well described. In contrast, the precise mechanisms for sublingual (SL) immunization, eye drops, and rice-based and nanogel delivery systems remain to be elucidated; however, the early results are promising. In summary, these novel strategies are attractive and exhibit high potential from a practical point of view. More extensive reviews, which include additional targeting strategies, adjuvants, and delivery systems, are provided. Some specific details are essential to understand the cellular and molecular mechanisms involved in using these novel vaccine strategies.
Targeting vaccines

Mucosal DCs
DCs play a central role in bridging the innate immune system with the adaptive immune system [39] [40] [41] [42] . Thus, DCs are found throughout the body and are especially prominent at mucosal surfaces. Immature type DCs are enriched underneath the epithelium of mucosal inductive sites and are poised to capture Ags. When Ag uptake occurs, these DCs change their phenotype by expressing higher levels of MHC class II and costimulatory molecules and move to T-cell areas of inductive sites for Ag presentation. Thus, DCs and their derived cytokines play key roles in the induction of Ag-specific effector Th-cell responses. In this regard, targeting mucosal DCs is not only an effective strategy to induce mucosal immunity but also a safe approach, especially for nasal application, because vaccines mainly initiate immune responses through DCs in the absence of central nervous system toxicity.
Because of the recent progress in the understanding of innate immunity-associated molecules, toll-like receptor (TLR) ligands are now considered to be candidates as potent mucosal adjuvants. Among these, the TLR9 ligand CpG ODN is known to target professional plasmacytoid DCs for their activation, maturation and subsequent induction of Ag-specific Th1-type responses, including cytotoxic T lymphocytes (CTLs) [43, 44] . It has been demonstrated that synthetic CpG ODNs can induce innate immune responses [45] [46] [47] [48] . In this regard, CpG ODNs as effective immunomodulators, could target malignant tumors, and reduce allergic responses [49, 50] . Furthermore, CpG ODNs have been used as potent adjuvants to elicit Ag-specific Ab and cell-mediated immune responses in mice and rats against both bacterial and viral Ags [51] [52] [53] [54] [55] [56] [57] [58] . To this end, mucosal administration of CpG ODN exhibits potent adjuvant activity (Figure 2 ). Mucosal immunization with CpG ODN plus formalin-inactivated influenza virus, hepatitis B virus surface Ag, or tetanus toxoid effectively elicited vaccine-specific immunity in the mucosal compartment of mice [57] [58] [59] . CpG ODN as adjuvant mainly induces Th1-type responses. In this regard, CpG ODN could even switch a predominant Th2 into a Th1-type immune response pathway [60] . Although the detailed mechanisms of adjuvant activity of CpG ODN are still unclear, it has been demonstrated that CpG ODN enhanced MAPK-mediated IL-12 production by APCs [61] . Others also clearly showed that nasal immunization with the recombinant protective Ag of the anthrax lethal toxin and CpG ODN induced protective Ag-specific plasma IgG2a and mucosal S-IgA Ab responses with in vitro neutralizing activities [62] .
FL is a growth factor that binds to the fms-like tyrosine kinase receptor Flt3/Flk2. In vivo FL treatment markedly upregulates the number of DCs but not their activation [63, 64] . Mouse FL has been cloned and shown to be a key player in the proliferation and differentiation of early hematopoietic precursor stem cells [63, [65] [66] [67] [68] . Furthermore, it has been reported that FL could mobilize and stimulate not only DCs [64] but also natural killer cells and B cells [69] . Of interest, it was first reported that systemic FL injection facilitated oral tolerance induction because of its ability to result in significant increases in the number of DCs in several lymphoid tissues, including the intestinal lamina propria, PPs, MLNs, and spleen [70, 71] . In contrast to tolerance induction, others showed that FL treatment also upregulated immune responses when delivered via mucosal [71] , systemic [72] , or cutaneous [73] routes. It has also been reported that when plasmid DNA encoding FL (pFL) was coadministered with plasmids encoding protein Ags or linked to the Ag itself, effective immune responses were induced [74, 75] . In this regard, it has been suggested that FL possesses adjuvanticity for both humoral and cell-mediated immune responses and that the FL cDNA system may be a potential alternative approach to using the FL protein system [76] [77] [78] [79] . To this end, pFL has been used as a mucosal DC-targeting adjuvant for the induction of Ag-specific protective mucosal immune responses ( Figure 2 ). Nasal administration of pFL as mucosal adjuvant facilitated expansion of CD8 + DCs, which subsequently elicited IL-4-producing CD4 + T-cell-and Ag-specific S-IgA Ab responses [80] . NALT has been the major site for sampling pFL and for producing the FL protein locally, which subsequently induced the expansion and activation of DCs [80] . In this regard, pFL did not show any potential to migrate into the CNS.
Other types of FL-based NALT-DC-targeting immune modulators, including an adenovirus serotype 5 vector expressing FL (Ad-FL), were found to elicit Th1-and Th2-type responses, thereby providing both Ag-specific S-IgA Ab and cell-mediated immune responses [81] . When mice were nasally immunized with ovalbumin (OVA) and Ad-FL, high levels of Agspecific Ab responses were elicited in both mucosal and systemic compartments. Furthermore, significantly increased levels of Ag-specific IFN-γ and IL-4 production were noted in cervical lymph nodes and spleen [81] . Because of OVA-specific Th1-type cytokine responses, Ag-specific CTL responses were upregulated in mice administered with nasal OVA and Ad-FL. Interestingly, the number of CD11b + CD11c + DCs was preferentially increased. This DC subset expressed high levels of costimulatory molecules and migrated from the NALT to mucosal effector tissues [81] . These findings show that nasal administration of Ad-FL facilitated the induction of mature-type CD11b + CD11c + DCs and Th1-and Th2-type CD4 + T cells in the NALT for Ag-specific Ab and CTL responses (Figure 2 ). Balanced Th1-and Th2-type responses have become key issues in mucosal vaccine development because this type of cytokine response would not only provide Agspecific S-IgA Ab and CTL responses against viral and bacterial infections but also avoid induction of allergic (IgE) and inflammatory-type responses.
CpG ODN has been shown to induce polarized Th1-type cytokine responses in mice [62] . In contrast, pFL preferentially elicits coadministered Ag-specific Th2-type cytokine immunity [80] . To this end, one could hypothesize that an ideal but balanced Th1-and Th2-type cytokine response would be elicited by using a combination of pFL and CpG ODN as DCtargeting nasal adjuvants. Indeed, recent studies clearly showed that pFL and CpG ODN as a combined nasal adjuvant induced the activation and expansion of plasmacytoid DCs and CD8 + DCs in the nasal cavity for the development of Th1-and Th2-type cytokine-producing CD4 + T cells. Thus, these Ag-specific CD4 + T cells successfully upregulated coadministered Ag-specific immunity in both the mucosal and systemic immune compartments ( Figure 2 ) [82, 83] . Increased frequencies of mature-type DCs in NALT correlated well with induction of Ag-specific immune responses. Of significance, nasal delivery of pFL and CpG ODN successfully elicited significant levels of Ag-specific S-IgA Ab responses in 2-year-old mice [82, 83] . To this end, aged mice given nasal pneumococcal surface protein A and a combination of pFL and CpG ODN showed protective immunity against nasal Streptococcus pneumoniae colonization [83] . These results suggest that nasal administration of pFL and CpG ODN as mucosal adjuvants provides an attractive possibility for the development of a vaccine against S. pneumoniae in the elderly.
M cells
As discussed earlier, GALT, including PPs, is covered by a specialized follicle-associated epithelium, 10-20% of which is composed of M cells that show a unique topical morphology (microfold/membranous) and form pockets for the inclusion of lymphoid cells, including B and T cells, DCs, and macrophages [84] [85] [86] [87] [88] [89] . M cells show significantly different features compared with intestinal epithelial cells. M cells possess relatively short microvilli, small cytoplasmic vesicles and few lysosomes. Thus, M cells are able to capture and transport lumenal Ags, including viruses, bacteria, small parasites, and microspheres [86, 87, 89, 90] . It has been suggested that M cells may also play a role as APCs because M cells express MHC class II molecules and acidic endosomal-lysosomal compartments [91] . In this regard, activation and potential MHC class II expression by M cells may depend on the nature of endocytosed Ag. M cells serve not only for transport of lumenal Ags but also for provision of an entry way for pathogens to invade the host. In particular, it has been shown that invasive but not noninvasive strains of Salmonella typhimurium enter the host through PP M cells [92] . In addition to PPs, the ILFs and NALT also contain a lymphoepithelium with M cells. Thus, Mycobacterium tuberculosis uses NALT M cells for host entry [93] . In addition, it was reported that M cells are also detected in nonlymphoid follicle-associated epithelium that covers small intestinal villi [94] . Thus, villous M cells in the small intestine were present in several PP-deficient mouse strains, including in utero LT-βR-Ig-treated, LT-α −/− , TNF/LT-α −/− and inhibition of differentiation 2 (Id2) −/− mice [94] . Importantly, these villous M cells functionally take up bacteria and induce bacterial Agspecific immune responses [94] . Indeed, the MLNs from PP-deficient mice play a key backup role as a mucosal inductive tissue [95] . It has been suggested that MHC class II + sIgA + B cells and lamina propria macrophages may be able to capture Ag through endocytic pathways and process and present peptides to CD4 + Th cells. These findings clearly suggest that the intestinal lamina propria-MLN axis performs a potent mucosal inductive function in addition to the PPs.
If one could identify the key molecules expressed by bacteria and viruses that are needed for their invasion or infection of M cells, it would be a great advantage for designing and constructing effective delivery systems for M-cell targeting of vaccines. Reoviruses initially infect the mouse through M cells [96] , by using their surface protein sigma-1 (pσ1) [97, 98] . In this regard, an M cell-targeting DNA vaccine complex consisting of plasmid DNA and the reovirus pσ1 covalently attached to poly-L-lysine induced significant mucosal S-IgA Ab responses and systemic immunity (Figure 3 ) [99] . Furthermore, a newly developed M cellspecific monoclonal Ab (NKM 16-2-4) was used as an M cell-targeting carrier for mucosal vaccines. Thus, oral administration of a chimeric vaccine consisting of NKM 16-2-4 and tetanus toxoid or botulinum neurotoxin type A toxoid (BoNToxoid/A), together with native cholera toxin, elicited increased levels of Ag-specific S-IgA and plasma IgG Ab responses (Figure 3) [100] . Importantly, oral immunization with BoNToxoid/A-NKM 16-2-4 provided protective immunity against lethal challenge with botulinum neurotoxin [100] . In addition, oral immunization of Ag fused with M cell-targeting peptide ligand (Co1) resulted in enhanced Ag-specific immune responses [101] . These studies show that an M cell-targeting delivery system may be of central importance in developing effective mucosal vaccines. Furthermore, it is likely that M cells are also involved in the induction of oral tolerance. In this latter regard, one must carefully consider the nature of formulation of vaccine (or inclusion of adjuvant) because both nasal and oral administration of pσ1 of reovirus genetically conjugated with OVA (OVA-pσ1) alone induced systemic unresponsiveness instead of mucosal IgA immunity ( Figure 3 ) [102, 103] . Thus, mucosally induced tolerance was achieved with doses as low as 10-50 µg of OVA-pσ1 when given by the nasal or oral routes [102, 103] .
Mucosal delivery systems MucoRice
In 1997, Curtiss and Cardineau successfully filed for and received a US patent (5686079) describing tobacco leaves expressing Streptococcus mutans surface protein Ag as an initial indication of a potential plant-based mucosal vaccine. Furthermore, others have developed edible plant-based vaccines by expressing Ags from enterotoxins, hepatitis B, Norwalk virus and respiratory syncytial virus expressed in tobacco leaves or potato tubers [104] [105] [106] [107] [108] [109] [110] [111] . Although these plant-based vaccines exhibited some functional properties in experimental systems, their practical application still remains to be elucidated. To develop practical oral vaccines for global immunization, one should consider that the vaccine must maintain effectiveness despite in vivo and ex vivo environmental changes. In this regard, several practical merits can be found in a rice-based oral vaccine compared with most traditional and other plant-based vaccines. For example, a rice-based vaccine is a rather safe approach. Because this vaccine can be given in a powder form, one could avoid potential problems by using a food-based delivery system. Although the lot-to-lot quality control of a rice-based vaccine may be challenging, stable vaccine Ag expression could be achieved by the third generation of rice-based vaccine. Furthermore, a rice-based vaccine showed stability at room temperature for 2-3 years [112, 113] . Oral administration of this rice-based vaccine did not lose activity when exposed to digestive enzymes and subsequently induced protective, Agspecific Ab responses in mice and non-human primates [112] [113] [114] [115] . Recent studies have provided direct evidence that oral MucoRice-cholera toxin B-subunit (CT-B) induced Agspecific S-IgA Abs that played a critical role in protection against CT-induced diarrhea (Figure 4) [113] . Importantly, cold chain-free oral MucoRice-CT-B induced long-lasting cross-protective immunity against heat-labile enterotoxin-producing enterotoxigenic Escherichia coli in addition to CT-producing Vibrio cholerae [113] . These results demonstrate that oral administration of a rice-based vaccine provides a potent practical global strategy for the development of cold chain-and needle-free vaccines that protect from gastrointestinal infection.
Nanogels
The application of biomaterials, such as encapsulating Ags in polymer nanoparticles, microparticles, virosomes and liposomes, shows significant potential in the development of vaccines and immunotherapy [116] [117] [118] [119] [120] [121] [122] [123] . Although use of liposomes can enhance Ag delivery across mucosal surfaces, they are rapidly cleared and do not allow for long-term Ag release at the mucosal surface [124] [125] [126] . In this regard, it is possible that using a bioadhesive gel one could upregulate the residence time and enhance Ag release and retention onto the epithelial cells themselves. Indeed, it has been shown that surface modifications or coadministration with bioadhesive materials, that is, chitosan, resulted in influenza-specific S-IgA Ab responses in nasal washes [127] . A nanometer-sized (<100 nm) bioadhesive polymer hydrogel (nanogel) system has been developed and used as an attractive drug delivery system [128] . Cholesteryl group-bearing pullulan (CHP) form selfassembly of associating polymers as physically crosslinked nanogels in water [129, 130] . In general, hydrophobic interactions between CHP and various proteins revealed a CHP nanogel containing the protein inside. When CHP nanogels capture the proteins inside, they form a hydrated nanogel polymer network (nanomatrix) without aggregation. In this regard, trapped proteins maintained their native form and were slowly released [130] . On the basis of these advantages, a CHP nanogel strategy has been used for the development of adjuvantfree nasal vaccines. It was recently shown that nasal administration of a cationic type of CHP nanogel (cCHP nanogel) containing the C-terminus of the H chain (Hc) of botulinum neurotoxin-type A (BoNT/A; nanogel-Hc-BoNT/A) allowed adherence to the nasal epithelium for a longer period compared with naked Hc-BoNT/A (Figure 4 ) [131] . In this regard, gradually released Hc-BoNT/A was effectively taken up by mucosal APCs and subsequently elicited protective Ag-specific S-IgA Ab responses against BoNT/A intoxication [131] . In summary, this cCHP nanogel system could represent an ideal and effective mucosal delivery system to enhance pathogen-specific mucosal immune responses at the mucosal surface. Because vaccine Ags are retained for a longer period at mucosal surfaces, it is essential to consider the potential side effects of this delivery system in future applications.
Mucosal immunization routes SL immunization
Oral and nasal routes have been the preferred ones to induce protective immunity in different mucosal compartments [1, 5, 21] . However, it has been demonstrated that rectal, vaginal or paramucosal (iliac and inguinal lymph nodes) immunization are also effective strategies for the induction of protective immunity against sexually transmitted infectious diseases, including HIV [132] [133] [134] [135] . In addition to these mucosal immunization routes, SL administration of Ags has been used to treat allergic, autoimmune or infection-induced pathologic reactions [21, 136] , by taking advantage of the induction of oral tolerance [137] [138] [139] [140] . It is well known that nasal immunization effectively elicits Ag-specific immunity in both mucosal and systemic compartments; however, one must consider that some nasal immunization strategies risk Ag trafficking into olfactory tissues and the CNS [141] [142] [143] [144] [145] . To obviate this potential problem, SL immunization may be an ideal mucosal Ag delivery system that avoids CNS involvement. SL administration is also a noninvasive route that has the advantage of requiring lower doses of Ag than the oral route because of the reduced exposure to proteolytic enzymes and lower pH of the stomach encountered after oral immunization. Furthermore, vaccine uptake may be more efficient based on the number of APCs present at the SL site [138] . Recently, studies have used the SL route for vaccine delivery [146] [147] [148] [149] [150] [151] . When plasmid DNA encoding hepatitis B surface Ag was sublingually administered to mice, comparable levels of Ag-specific humoral and CD8 + CTL responses were induced as seen after intradermal injection [147] . The SL delivery of a soluble Ag 2,4-dinitrophenyl bovine serum albumin in starch microparticles in combination with a penetration enhancer resulted in good salivary IgA Ab responses [148] . Finally, SL delivery of lipopeptides induced increased serum Abs and T-cell responses in the spleen and inguinal lymph nodes of mice [146] . Compared with subcutaneous administration of the same vaccine preparation, SL application preferentially induced IFN-γ-producing T cells and IgG2a Ab responses, whereas subcutaneous injection elicited IL-4 and IgG1 Ab responses [146] . More recently, SL immunization with influenza virus successfully elicited influenzaspecific immunity and provided protection against lethal viral infection [150] . Furthermore, SL immunization with the outer membrane protein of Porphyromonas gingivalis plus the plasmid expressing FL cDNA (pFL) elicited increased frequencies of DCs in submandibular lymph nodes and protective immunity in the oral cavity [151] . In addition, CCR7-expressing DCs in cervical lymph nodes were the key players in the induction of Ag-specific immune responses [149] . These findings show that by using the appropriate quantity and form of Ag with a targeted delivery system, the SL route could be the preferred one for inducing both mucosal and systemic immunity, without induction of T-cell unresponsiveness.
Eye drops
The ocular surface leading to the lacrimal sac and nasolacrimal duct also forms an interface with the outside environment. In fact, it has been proposed that CALT, together with TALT, organizes eye-associated lymphoreticular tissue to create mucosal surveillance and a barrier in the eye region of humans [152, 153] . Although TALT develops in human tear ducts, little information was available on mouse TALT until recently. Thus, it was reported that TALT is located in the murine lacrimal sac covered by an epithelium with M cells for Ag uptake [8] . The administration of Ags using eye drops induced Ag-specific S-IgA Ab responses in both ocular and nasal cavities in addition to serum IgG Abs because of the presence of TALT in the conjunctival sac, located in the tear duct, which bridges the ocular and nasal cavities [8, [152] [153] [154] . Ocular administered Ags migrate to tear ducts and then to the nasal cavity and thus are taken up by TALT and NALT M cells for the induction of Ag-specific immune responses. Past investigations tended to emphasize the identification and characterization of CALT [153, [155] [156] [157] [158] . Unlike other mammals (e.g., cat, dog, and human), mice and rats do not possess CALT [155] . However, recent findings showed that eye drop administration of Ag induced CALT development in mice with increased numbers of M cell-like cells [9] . Although it remains unclear whether eye drop immunization induces potential adverse effects, including inflammatory responses, it was reported that the administered Ag did not migrate into the CNS [9] . Taken together, these findings clearly showed that eye drop administration of vaccine would be a novel strategy for the induction of Ag-specific mucosal immune responses, if inflammatory responses could be avoided.
Expert commentary
The CMIS provides both an essential concept and a practical means for the development of mucosal vaccines. Thus, it is essential to effectively activate mucosal inductive tissues or MALT for effective mucosal immunity. For targeting MALT, different routes of mucosal immunization have been developed and shown to successfully elicit protective mucosal immunity against several pathogens. However, one could easily fail to elicit protective mucosal immunity without a better understanding of the cellular and molecular mechanisms that regulate the mucosal immune system. Thus, one must carefully consider the route of immunization, the adjuvant and method of Ag delivery to elicit appropriate and desired mucosal immune responses to a particular pathogen. For example, oral vaccination may have fewer side effects and be the most preferred immunization route from a practical point of view; however, oral vaccines require that one maintain their original quality and efficacy until they reach the GALT, because the GI tract represents a harsh environment. In this regard, the MucoRice delivery system could be potentially beneficial for oral vaccine development. Thus, it is important to test whether this system can be easily adapted to other types of vaccine Ags. Nasal vaccines must be safe and not be taken up by the CNS because the nasal immunization route has an advantage for the induction of Ag-specific S-IgA Ab responses in the elderly. Indeed, targeting DCs or M cells in the MALT not only facilitates Ag uptake but also avoids potential CNS toxicity. Furthermore, SL and eye drop immunization successfully elicit mucosal immunity without serious toxicity or side effects so far. Novel delivery systems significantly enhance Ag uptake by MALT for the induction of Ag-or pathogen-specific mucosal immunity. However, the precise cellular and molecular mechanisms for these immunization systems in the induction of mucosal immunity still remain to be elucidated. Nevertheless, it is possible that a strategy that uses the appropriate combination of mucosal adjuvants and delivery systems and optimizes the immunization schedule by repeating and combining different routes of mucosal immunization as a primary and boosting strategy could lead to development of a new generation of safe and effective mucosal vaccines.
Five-year view
Mucosal vaccination is a needle-and medical waste-free vaccine strategy that provides protective immunity against pathogenic bacteria and viruses in both mucosal and systemic compartments. However, mucosal vaccines must overcome two major hurdles (effectiveness and safety), which are both relatively difficult tasks compared with systemic vaccine development because of the uniqueness of the mucosal environment. Future global warming could introduce unexpected pathogens, such as the malaria parasite, into new areas where they have never been seen causing pandemic infectious diseases. Furthermore, some of the currently available vaccines, including nasal FLuMist, are less effective in the immunocompromized population such as young children and the elderly. These facts indicate that the development of novel mucosal vaccines have the potential to provide a better quality of life. According to current knowledge of mucosal vaccines, an appropriate combination of several mucosal vaccine strategies could facilitate the development of practical vaccines over the next 5 years. However, one must realize that developing licensed products is a time-consuming and difficult task from the point of view of a promising outcome. Furthermore, more intensive vaccine development studies need to be performed using novel approaches such as SL immunization, eye drop delivery, nanomatrix and plantbased delivery systems because recent evidence supports both their effectiveness and safety.
Key issues
• The concept of a common mucosal immune system with specialized compartments is required for the development of effective mucosal vaccines.
• Mucosal vaccines elicit immune defense in both mucosal and systemic tissue compartments.
• Mucosal adjuvants and delivery systems are needed for the induction of more effective mucosal immune responses.
• Targeting mucosal dendritic cells is an effective and safe strategy for inducing antigen-specific immunity.
• New routes of mucosal immunization and antigen delivery systems should facilitate mucosal vaccine development.
• A combination of appropriate mucosal vaccine strategies is essential for future mucosal vaccine development. Because CT-B can be delivered to the small intestine in the rice protein body, MucoRice-CT-B effectively induced CT-B-specific Ab responses in the absence of the CT-A subunit or other potential adjuvants. The cationic nanogel-Hc-BoNT/A is retained for a longer period at the nasal epithelium for slow release of Ag when nasally administered. Thus, nasal APCs, including DCs, can more effectively take up Hc-BoNT/A to initiate Ag-specific immune responses. DC: Dendritic cell; GALT: Gut-associated lymphoreticular tissue; NALT: Nasopharyngealassociated lymphoreticular tissue.
